Cochlear implant electrode arrays are designed with specific characteristics that allow for the preservation of intracochlear structures during the insertion process, as well as during explantation. Straight lateral wall (LW) electrode arrays and pre-curved modiolar hugging (MH) electrode arrays are the two types that are commercially available. Although there is a third type of electrode array called the mid-scala (MS), which is positioned in the middle of the scala tympani (ST), and is usually considered as an MH type of electrode. Different lengths of straight LW electrode arrays are currently available which allow for insertion across a range of different sized cochleae; however, due to manufacturing limitations, pre-curved MH electrodes are generally only available to cover the basal turn of the cochlea, while the spiral ganglion cells are distributed in the Rosenthal's canal that extends into 1.75 turns of the cochlea. Both straight LW and pre-curved MH electrodes can cause a certain degree of intra-cochlear trauma, but pre-curved MH electrodes tend to deviate into the scala vestibuli from the scala tympani more often than the straight LW electrodes, resulting in damage to the osseous spiral lamina/spiral ligament which could initiate new bone formation and eventually affect the cochlear implant users' hearing performance. Structural damage to the cochlea could also affect the vestibular function. With pre-curved MH electrodes, higher degrees of trauma are related to the fixed curling geometry of the electrode in relation to the variable coiling pattern of individual cochleae, the orientation of the electrode contacts in relation to the modiolus wall, and how effectively the stylet was handled by the surgeon during the procedure. Wire management, metal density, and the shore hardness of the silicone elastomer all contribute to the stiffness/flexibility of the electrode. It is important to acknowledge the impact of bringing the stimulating contacts closer to the modiolus wall with an MH electrode type in terms of the resultant damage to intracochlear structures. The presence of malformed cochleae should be identified and appropriate electrodes should be chosen for each specific cochlea, irrespective of the cochlear implant brand. In order to utilize drug therapy, the cochlea should be free from any trauma.
Introduction
A cochlear implant (CI) is an advanced implantable medical device that is capable of restoring hearing functionality [1] . Although improvements in coding strategies [2] [3] [4] [5] [6] and advancements in speech processors [7] have resulted in an overall improvement in the performance of the CI, the electrode is an important element as it comes into direct contact with the intra-cochlear tissues that line the neural elements [8] . Atraumatic electrode insertion has received a surge of interest amongst CI surgeons and researchers in recent years in order to optimize hearing preservation [9] . For a CI user to fully benefit from their CI, the following factors need to be considered: (i) electrode array insertion depth and cochlear coverage [10, 11] , (ii) matching neuro-tonotopicity, (iii) atraumatic electrode array insertion and insertion forces against the intra-cochlear structures [12] , and (iv) choosing an electrode array that matches the recipient's individual cochlear anatomy especially when the anatomy is malformed and a regular CI electrode will not give an optimal placement closer to the neural structures. Other factors can influence the CI user's performance, but the above mentioned points are the most significant, and will be discussed in further detail in Sections 2 -5, respectively.
Among the other factors that influence the hearing performance of the CI users are the absence of SG cells in certain intra-cochlear regions known as "dead regions", long term deafness, and malformed cochlear anatomy [13, 14] . Electrical stimulation of the auditory neural structures with an electrode is yet to be fully understood, but from the electrode design point, the following points are considered to be important as per published data. Partial coverage of electrical stimulation in CI recipients with profound post-lingual deafness could lead to a frequency mismatch between the intra-cochlear electrode position and the location of the characteristic frequency of the neural elements [15] . A balance between the number of stimulating channels and the minimized cross channel interaction is necessary to provide high definition electrical stimulation to the neural elements which cannot be fired through acoustic stimulation [16] . A flexible electrode that applies less force onto the intra-cochlear blood vessels could increase the chances of long term hearing preservation [17] ; in comparison to a stiffer electrode that could result in the application of more force onto the surrounding blood vessels and, therefore, limit the blood supply to the neural elements that extend into the apical portion of the cochlea where residual hearing is typically located [18] . An electrode array which is bigger in dimension would take up more volume in the perilymph and could also produce a higher intra-cochlear pressure depending on the speed of electrode insertion into the cochlea [19] . However, a bigger electrode array would also bring the stimulating contacts closer to the neural elements, with the opposite effect occurring with a thinner electrode. Therefore, a balance is needed in determining how far the stimulating contacts should to be positioned from the neural elements.
It is difficult to achieve an "ideal" electrode design due to the many factors that need to be considered in order to achieve full benefits for the CI user. All of the major CI manufacturers have their own electrode design within their manufacturing know-how which they feel is the best for bringing better hearing outcomes to the patients. In the hands of an inexperienced CI surgeon, a smart electrode design should help itself in countering mistakes that are made by the surgeon and should aim to protect the intra-cochlear fine structures. It is important to remember that a damaged electrode can be replaced, but a damaged cochlea cannot be replaced at any cost. Keeping this in mind, all of the above mentioned factors will be discussed in further detail throughout this paper, with references to published literature, in order to provide a better understanding of the currently commercially available electrodes. This paper aims to help us to design the "ideal electrode" for future generations.
Electrode array insertion depth
Insertion depth of an electrode array inside the cochlea depends on the length of cochlear duct available [20] for accommodating the electrode array and on the electrode array length itself [21] [22] [23] [24] [25] . Full insertion of the electrode array inside the cochlea is not always possible due to a variety of reasons such as the angle in which the round window (RW) opening is present [26] , intra-cochlear anatomical variations [27] , or intra-cochlear obliteration [28] . Nonetheless, the aim should be to place all of the stimulating contacts inside of the cochlea without causing any degree of intra-cochlear damage. The portion of the electrode array containing all of the stimulating channels is M A N U S C R I P T
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called the active insertion/stimulation length and it is different than the overall insertion length that is measured from the tip of the electrode to the stopper marker. Figure 1 shows the electrode array length and the active stimulation length (as shown with the black double pointed arrows) for the following commercially available CI electrodes: Contour Advance, Slim Modiolar, Slim Straight, Hybrid L24, and Straight Full Banded from Cochlear Limited (Sydney, Australia), FLEXSOFT, FLEX28, FLEX24, FLEX20, FLEX16, FORM24, FORM19, STANDARD, MEDIUM, and COMPRESSED from MED-EL (Innsbruck, Austria), HiFocus 1J, HiFocus Helix, and HiFocus MidScala from Advanced Bionics (Valencia, United States), Oticon and Oticon EVO from Oticon Medical (Vallauris, France), and the electrode array from Nurotron (China). As an example, the FLEXSOFT electrode array from MED-EL is, at the time of writing, the longest and most flexible electrode, with an overall length of 31.5 mm from the tip to the stopper marker and an active stimulation length of 26.4 mm. The distance between the basal most stimulating contact and the stopper is called the buffer length, and when the electrode is fully inserted the buffer length will ensure that the stimulating currents are completely inside of the cochlea, and thereby enabling them to stimulate the neural element whilst avoiding any pain sensation at the entrance to the cochlea. In some cases the electrode can relax and extrude out of the cochlea following insertion [29, 30] . The buffer length varies among the electrode arrays across each of the CI manufacturers. Figure 2 shows X-ray images of MED-EL electrodes in an average-sized cochlear model. It also shows the angular insertion depth (AID) of commercially available CI electrode arrays based on the array length. Differences in the electrode array and cochlear duct lengths [20, 36, and 37] are the two main factors involved in determining the angular insertion depth or the cochlear frequency coverage with electrical stimulation. Cochlear frequency coverage with electrical stimulation is determined by each individual's cochlear need. Some CI recipients are profoundly deaf, in which case complete coverage of the frequency range with electrical stimulation is desired, whereas others are partially deaf with good usable/functional residual hearing in the low frequency region. In these cases, if the residual hearing is stable and does not deteriorate over time, the clinician would aim to provide coverage of the frequency ranges where the natural hearing is impaired. In the future, genetic testing could provide further information about the status of the residual hearing [38] . Electrode arrays are available in a wide range of lengths which helps the clinician to select the right array length for each individual [39, 40] and increases the likelihood that only those parts of the cochlea that would benefit from electrical stimulation receive it [41] . inserted into an average sized cochlea which allows for the same insertion depth as that achieved by the STANDARD electrode array in a larger than the average sized cochlea.
Matching neuro-tonotopicity
Healthy normal-functioning human cochlea can hear sound signals in the frequency range of 20 kHz, in the basal region, to 20 Hz in the apical region. Greenwood [42] and Stakovskaya's frequency functions [43] allow for an individual's frequency map to be obtained at the organ of Corti (OoC) and at the SG cells, respectively, assuming that the individual's cochlear length is known [42, 43] . However, there is a debate on whether the electrodes stimulate the neural fiber endings at the OoC level or on the SG cell bodies directly, which also depends on the current intensity. Straight LW electrodes are believed to stimulate the nerve fiber endings of the auditory neurons at the OoC which is where the LW electrode array lies, whereas pre-curved MH electrode arrays, which lie close to the modiolar wall, are believed to stimulate the SG cells. In either case, in a profoundly deaf cochlea, how far the electrode should be inserted intra-cochlear in order to cover the neural elements is an important question. The OoC extends to the full length of the cochlea [42] , whereas the SG cells inside the Rosenthal's canal extend 1.75 to 1.85 turns of the cochlea, which in terms of insertion angle is equivalent to 660° [44 -46] . In contrast, histology images of the mid-modiolar section of the human cochlea have shown that SG cells extend into the end of the middle turn of the cochlea [47 -49] . There are currently no pre-curved MH electrodes that are capable of reaching this depth. The maximum insertion depth possible with any commercial MH electrode in an average sized cochlea is no more than 390-450° [23, 34] . This is due to both design and manufacturing limitations. Furthermore, the modiolus trunk diameter in the second turn becomes extremely small in the range of <1 mm [50, figure 1 a, b] and is, therefore, not advisable to hug with a pre-curved electrode as extraction of the device will become highly traumatic.
CI speech processors cover the frequency range from 11.5 kHz to 70 Hz. As per Greenwood's frequency function, in an average cochlear length of 35 mm [42] , the characteristic frequency of 11.5 kHz would occur at an insertion depth of approximately 4 mm from the RW opening. In order to obtain neuro-tonotopic matching at the highest frequency (11.5 kHz), the first 3-4 mm from the RW opening should be left without any electrical stimulation.
The buffer length of an electrode, as shown in Figure 1 , plays a vital role in both matching the neuro-tonotopicity at the higher frequency limit and in avoiding poor stimulation of the neural structures in the first 4mm of the basal turn of the cochlea from the RW entrance. With the buffer length varying between the array types from each of the CI manufacturers, the match between the stimulated frequency and the place pitch in the cochlea can also vary. Figure 4 shows how the electrodes match with the neuro-tonotopic organization at the higher frequency limit of the cochlea with the help of the buffer length. The array length then decides the neuro-tonotopic matching with the low frequency limit of the cochlea. More stimulating channels can be important for providing more defined sound signals, but this is only true if each of the stimulating channels is focused towards defined group of neural structures M A N U S C R I P T
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and that is not the case with the current cochlear implants. Several innovative research works are going on in minimizing the gap between the stimulating contact pads and the neurons by the introduction of neurotrophic factors [51] or even stem cells [52] . Inside the fluid filled cochlear channel it may be difficult, if not impossible, to get a highly focused stimulation towards the defined SG cell bodies located inside the Rosenthal's canal [44] which is surrounded by a thin layer of porous bone with large fenestrations. As a result, channel interactions or cross-talks are inevitable when there are more channels. The majority of CI users are able to adapt to these channel interactions over time; otherwise, they may have to live with hearing that lacks clarity [53] . The electrode-modiolus distance is one of several important factors that have gained recent attention amongst researchers. Although it appears to be an important factor, recently published literature has shown conflicting results. Medina et al. [54] and De Seta et al. [55] found a weak or no correlation between the electrode-modiolus distance and hearing outcomes at one year and five years post-implantation, respectively, although the authors suggest that full insertion of the electrode would be required to bring the stimulation contacts closer to the modiolus wall. Frijns et al. [56] found no correlation between the distance to the modiolus and the threshold or the maximum levels with a straight LW electrode.
The number of stimulating channels from each of the CI manufacturers ranges from 24 (Nurotron, China) to 12 (MED-EL, Austria), with the details for each CI manufacturer shown in Table 1 . If more channels meant better hearing, then a 24 channel electrode would have been shown to be the best, which, however, has not been shown to be the case [25] . Another important factor is that how the stimulating channels are distributed along the length of the cochlea, and the amount of coverage they provide to the neural elements whilst minimizing the cross channel interaction [57] . 
Atraumatic electrode array insertion
Ideally, an electrode array should be designed to allow for insertion without damaging any of the intra-cochlear structures. However, typically a certain degree of trauma is to be expected with all of the currently available electrode designs. Electrode-induced trauma can be categorized according to grade: Grade 0: no damage -the array does not touch any of the intra-cochlear structures, therefore resulting in no trauma; Grade 1: the basilar membrane is lifted; Grade 2: the spiral ligament is damaged; Grade 3: translocation from the scala tympani (ST) to the scala vestibuli (SV); or Grade 4: the array breaks the spiral lamina resulting in the highest possible degree of trauma [58] . Histology is the best way to identify the electrode scalar location in cadaver temporal bones. Following CI implantation, post-operative imaging is the only modality that can be used to visualize the electrode scalar position. An electrode translocating from ST to the SV damaging the Scala Media (SM) would mix up the perilymph (ST) with endolymph (SM), resulting in a loss of the endo-cochlear potential, which could result in loss of pre-operative residual hearing [59] . Such traumas would be both mechanically and structurally irreversible and would completely preclude any future pharmaceutical treatment to regenerate the SG cells or the nerve fibers [60] . New bone formation inside the cochlea can also occur as a result of electrode insertion trauma, and appears to negatively affect hearing performance. Kamakura and Nadol Jr. [14] found that seventeen temporal bones from CI users showed a correlation between the percentage volumes of bone formation inside the cochlea as a result of electrode insertion trauma to the basilar membrane with the performance of the CI user post-implantation. Several research groups worldwide [8, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] have investigated the electrode scalar locations of different electrode array types using CBCT (Cone Beam Computed Tomography), and found that pre-curved MH electrode arrays had the highest incidence of translocation from the ST to the SV, as highlighted in Figure 5 . Pre-curved MH electrodes are more likely to cause trauma than other electrode types due to the presence of a stylet wire which brings the pre-curved electrode to be in a straight configuration before complete insertion occurs [74] . During insertion, because the electrode tip is stiff with the stylet in place, the electrode could penetrate the spiral ligament at the end of the straight portion of the basal turn of the cochlea (at approximately 180° of insertion depth) and this may not be felt by the surgeon. Even the advanced off-stylet technique does not seem to work efficiently in the hands of experienced surgeons, as shown in a recently published article whereby translocation is reported with the pre-curved MH electrode design [34] . The pre-curved MH electrode has a pre-determined shape which may not match the coiling pattern of individual cochlear geometries [75] [76] [77] . This could be another reason for the existence of a large number of translocations. Pre-curved MH electrode arrays are orientated such that the electrode contacts face the modiolus wall during insertion. At the point of pulling the stylet off the electrode array, which occurs at an approximate insertion depth of 180°, it is essential for the surgeon to ensure that the electrode array contacts are still facing the modiolus wall without any degree of rotation towards the basilar membrane in order to avoid the translocating into the SV or piercing through the spiral ligament. Due to individually varying cochlea orientations [67] , it can be surgically difficult to orientate the electrode contact such that it can face the modiolus wall, which may be a factor in causing the pre-curved MH electrode to translocate from the ST to the SV. Another important factor involves the wire arrangement configuration. Straight wires are employed across most electrode array types. Moreover, the wires are bundled together which could potentially increase the overall stiffness of the electrode array, as shown in Figure 6 . In addition to bundled straight wires, some CI manufacturers include a basal stiffener [81] in the form of a metal ribbon which adds to the overall stiffness of the electrode. In contrast to other CI manufacturers, MED-EL electrodes have a unique way of distributing the wires uniformly in the silicone carrier which helps to distribute the forces and prevent the electrode from behaving like a needle and causing damage during insertion.
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Placing an electrode into the SV or SM can negatively affect the Consonant-Nucleus-Consonant (CNC) scores [82 includes summary of 6 other studies] whilst damage to the basilar membrane or LW during electrode insertion can lead to the formation of new bone growth in the SV and SM [14] . Furthermore, damage to the modiolus wall could lead to perilymph leakage. Therefore, it is important to prevent causing damage to the modiolus wall while extracting the pre-curved MH electrode [11] . The stiffness of the electrode array is determined by the size of the electrode contact pad, its thickness and construction method (i.e. simple sheet or sandwiching), the number of individual stimulating channels (12, 16, 20, 22, or 24) , the thickness of the Platinum-Iridium wire, the insulation material around the wires (i.e. Parylene or Teflon), the wire's iridium content (10% vs 20%), and the shore hardness of the silicone elastomer.
Insertion of the electrode into the cochlea involves applying a significant amount of force to the intra-cochlear structures. The amount of force needed to penetrate the basilar membrane from ST to SV was measured to be between 40 and 120 mN with an average value of 88 mN [83, 84] . Such small forces can be difficult to detect during a surgical procedure, and this is why pushing the electrode beyond the first point of serious resistance which is defined as the electrode stops advancing further inside the cochlea and causes the basal buckling and is not advised. Aborting insertion of a straight LW array at the first point of resistance is possible, but with pre-curved MH stylet electrodes, surgeons often have to continue inserting the electrode completely inside the cochlea. Different studies have reported the insertion forces of different electrode types using phantom cochlea models in comparison to real cochlea, as shown in Table 2 . The lubricant, force sensors, speed of insertion, and the phantom cochlea model itself used could all contribute to differences in the measured forces, but it still provides a valuable resource on the insertion forces experienced across the different types of commercially available electrodes. M A N U S C R I P T
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Electrode array matching the overall cochlear anatomy
There exists a lot of variation in cochlea morphologies, with variations reported across the length [20] , coiling pattern [75, 76] , overall size [36, 37] , and shape [77] . For some individuals, the cochlea is malformed, which can make it difficult for a regular cochlear electrode to be placed closer to the neural elements. The pre-curved MH electrode has a defined curvature as per the design of the electrode, and variations in the curvature/size of the cochlea [77] can result in with the electrode having tight or loose wrapping factor in certain cochleae [64, figure 2 ].
Cochlear duct length can vary between 25 and 35 mm [20] , so it is not possible to match all the cochlear lengths with one array length, which is why it is necessary to have electrode arrays in a range of different lengths. Among all the array lengths available, the STANDARD electrode and the FLEXSOFT from MED-EL are the longest (at the time of writing), with an array length of 31.5 mm from the marker stopper to the tip of the electrode. Full insertion of a long electrode may not be possible in some individuals due to anatomical abnormalities causing difficulties during the insertion of the electrode; the angle of insertion may not be optimal for a specific anatomical variation, intra-cochlear variabilities in the spiraling of the cochlear lumen, the accessibility of the cochlear entrance, etc. Pearl et al. [90] , Jiam et al. [91] , and de Seta et al. [92] reported difficulties in inserting a long electrode in 18-32% of cases. Figure 7 shows an example of partial and full insertion of a STANDARD electrode (MED-EL) in a phantom cochlea model. Cochlear malformation includes the absence of cochlea (cochlear aplasia), bone formation inside the cochlea (ossified cochlea), fusion of the cochlea with the vestibular organ resulting in the formation of a common cavity filled with cochlear fluid with neural elements present along the wall of the cavity, very small cochlea (cochlear hypoplasia), incomplete partition of the basal turn of the cochlea, or enlarged vestibular aqueduct syndrome (EVAS) [84] . CI recipients with a cochlear malformation are at an increased risk of an intraoperative cerebrospinal fluid (CSF) gusher/oozing [93] , and therefore, implantation with a regular cochlear electrode type and array length may not be the perfect solution for that individual.
It is believed that for common cavity malformations, the neural elements are more likely to be present along the walls of the cavity [94] . Therefore, a straight electrode is often inserted such that the stimulating contacts are positioned as close as possible to the cavity wall. This is achieved by having an electrode design that has a dummy portion at the tip of the electrode which helps to form a loop inside the cochlea [95] , as shown in Figure 8 . Due to the presence of a large internal auditory canal (IAC) opening, careful insertion of any electrode type into the common cavity is necessary in order to avoid the electrode entering into the IAC. Figure 8c illustrates an example of a straight electrode entering into the IAC [96] . On the other hand, short and straight electrodes are preferable for insertion into cochlea with an incomplete partition. Typically, the length of the electrode should match the length of the basal turn/middle turn of the cochlea. A CSF gusher is often experienced in malformed cochleae, for which a cork type plug at the electrode array stopper point can provide an effective solution [97] as shown in Figure 9 . The length of the electrode selected for implantation into an incompletely partitioned cochlea is important in terms of avoiding the electrode entering into the IAC.
(a) (b) (c) For an ossified cochlea, depending on the location of the ossification [98] , either a very short electrode or a double branch electrode could be used to stimulate the neural tissues. While the large vestibular aqueduct syndrome (LVAS) has a significant chance of provoking a CSF gusher [99] , the cochlear anatomy allows for implantation with a regular cochlear electrode. For individuals with an absent cochlea or cochlear nerve, an Auditory Brainstem Implant is the preferred treatment modality.
Discussion
An ideal cochlear electrode design should allow for: (i) atraumatic electrode insertion without causing any degree of trauma to any of the intra-cochlear structures, (ii) placement in close proximity to the modiolus wall or under the basilar membrane (depending on the electrode type), (iii) easy handling for the surgeon without any complications, (iv) full insertion of the electrode array inside the cochlea to be achieved, (v) the prevention of spring back/array extrusion occurring within the cochlea, and (vi) easy explantation if re-implantation is required.
Pre-curved MH electrodes are designed to be positioned close to the modiolar wall. Due to the pre-curved design, the electrode hooks around the modiolus wall and prevents it from extruding when micro-movements occur in the electrode lead [100] . It is also easier to insert than a straight LW electrode. While there are many benefits to using a pre-shaped MH design, the insertion trauma rates with this design are relatively high [8, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] , usually due to the stylet wire damaging the spiral ligament during the electrode insertion at an insertion depth of 180° which can cause the electrode to translocate from the ST to the SV. The pre-shaped MH design has evolved considerably over the years: the original design involved a bulky electrode (Contour and Helix) which was later re-designed to be M A N U S C R I P T
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slimmer (Contour Advance, Mid-Scala). Even after reducing its thickness, the rate of translocations did not drop considerably, although many surgeons have adapted their own methods and techniques to allow for making the insertion procedure as atraumatic as possible by adjusting the insertion speed and carefully pulling the stylet out of the cochlea. However, such techniques are not always consistent across different surgeons [34] . Trauma to the basilar membrane can result in the formation of new bone and tissue, which can reduce hearing performance. Nadol et al. [14] showed that post-operative CNC word score negatively correlated with the percentage volume of new bone within the ST, SM/SV, and the cochlea, but not with the percentage volume of fibrous tissue. The percentage volume of new bone in the SM/SV also positively correlated with the degree of intra-cochlear insertional trauma, and in particular, with trauma caused to the basilar membrane. Cochlear structural preservation following insertion of a flexible electrode is important in order to preserve vestibular functions. Previous studies [101, 102] have shown that the preservation of residual vestibular function may be more likely in individuals that undergo cochlear implantation using sensory-preservation surgical techniques in combination with more flexible electrodes. However, it should be noted that pre-curved MH electrodes result in a shorter insertion depth due to limitations in the mechanical construction of the mold used for manufacturing pre-curved electrodes which mean that such electrodes cannot be made longer than 16-18 mm and cannot be inserted deeper than 380°-420°. For an average sized cochlea, 420° of insertion depth would cover a frequency range of up to 500 Hz in the low frequency end. One argument for pre-curved MH electrodes is that they can target SG cells; however, SG cells extend up to 660° of insertion depth [44] [45] [46] [47] [48] [49] which is not reached by any pre-curved MH electrodes currently available on the market. Furthermore, precurved MH electrodes have defined curvature dimensions that may not fit into every cochlea, and as a result, the pre-curved MH electrode may not be a true MH electrode in every cochlea [23, 64] .
Straight LW electrodes arrays, on the other hand, are available in a range of different lengths, thus allowing for the surgeon to choose the optimum electrode for the individual. Since there is no stylet required for straight LW electrode insertion, there is a significantly reduced rate of insertion trauma [8, 62, 66, 67, [69] [70] [71] 73] . However, some cases can still prove to be challenging for the surgeon to achieve full insertion [90] [91] [92] . The basal array stiffener concept conceived by Cochlear Limited (Australia), which allows for a stiffer array within the basal portion, enables the electrode to be inserted into the cochlea without it buckling the basal region. The literature provides a mixed opinion on bringing the contacts closer to the modiolus wall in terms of user performance [103, 104] , extended battery life [105] , and threshold level [106] . Electrode array extrusion is a minor concern with straight LW electrode type [29] and fixing the electrode lead to an anatomical structure can help to prevent lead spring back or electrode array migration. The use of a fixation clip, whereby the clip connects the extra-cochlear lead to the bony bridges, is one other possible solution [107] .
There is a mixed opinion regarding the relationship between insertion depth and user performance [91] , although a greater correlation is observed between deep insertion and better hearing performance [39, 71, 73, [108] [109] [110] . Deeper insertion into the cochlea, without causing any trauma to the internal structures, can provide the opportunity to turning off some of the apical contacts in situations where it does not provide any benefit to the user. Going deeper inside the cochlea with the electrode provides fibrous encapsulation to the apical turn which can help for reimplantation scenarios where it is possible to insert the electrode before the fibrous sheath collapses and prevents electrode array insertion.
Emerging technologies involving drug-eluting electrode arrays [111] show a lot of potential due to being atraumatic whilst enabling the drug components to act on the intra-cochlear neural elements. As the lifetime of any CI is typically less than twenty years, many CI recipients will require explantation and re-implantation during their lifetime. Therefore, it is important to provide an atraumatic solution in order to protect the intra-cochlear anatomical structures and to prevent further fibrotic tissue growth within the cochlea.
Regular electrode designs may not provide an optimum solution for malformed cochleae; therefore, it is important to consider the availability of special electrode designs that could benefit the individual's performance and safety. Although the "ideal" electrode has not yet been designed, many excellent choices do exist within the marketplace, with flexible and straight LW electrodes being an attractive option for providing atraumatic insertion.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Conclusion
The most important factor when designing an electrode array is to provide an atraumatic insertion solution in order to prevent causing damage to any of the intra-cochlear structures. Array extrusion, translocation from the ST to the SV, difficulties achieving full insertion, not having the array homogeneously placed along the lateral wall or the modiolus wall, along with surgical difficulties with new CI products are amongst the major complaints reported on cochlear electrode designs. The ideal array would have the following qualities: (i) it could be inserted through either the cochleostomy or the RW opening, (ii) it would be available in a range of different lengths to accommodate each individual cochlea in terms of insertion depth and in covering the middle turn of the cochlea in order to cover the complete range of SG cells, (iii) it could be inserted without complications using the stylet/loading/insertion tool, and (iv) the array would not cause any major trauma to any of the intra-cochlear structures. Until this "ideal" array is developed, the available data shows that straight, flexible LW electrodes fit the criteria of being an optimum array of choice. 
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